We study CoFe/ Al 2 O 3 multilayers, varying from granular to continuous structure with CoFe nominal thickness ͑10 Å ഛ t ഛ 18 Å͒. Structural percolation takes place at t = t c Ϸ 18 Å, changing from activated to metallic conductance. A sharp anomaly in ac coercivity of magneto-optical Kerr effect and in magnetization M by superconducting quantum interferometer device is found at t = t * Ϸ 17 Å, interpreted as transition from superferromagnetism (by dipolar coupled CoFe clusters) to exchange ferromagnetism. Onset at t = t* of anisotropic magnetoresistance (AMR) is attributed to skew scattering of bandlike electrons within giant fractal clusters. These structures may cause the observed Barkhausen noises in M and AMR at t Ϸ t*, disappearing at t Ͼ t*.
I. INTRODUCTION
Discontinuous metal-insulator multilayers 1,2 (DMIM) ͓CoFe͑t͒Al 2 O 3 ͑s͔͒ n reveal a very rich spectrum of magnetic states with variation of the nominal thickness t of the magnetic metal layers, which are electrically and magnetically independent for thickness s ജ 30 Å of insulating spacers. 3, 4 Previously, we reported a peculiar interplay between magnetic and magnetoresistive properties near the so-called magnetic percolation point t m , where dipolar interactions between isolated magnetic clusters produce their specific long-range ordered state, called superferromagnetic (SFM). 4, 5 The critical value t m for transition from superparamagnetic (SPM) to SFM state was reported to increase with temperature T, from Ϸ10 Å at low temperatures to Ϸ13 Å at room temperature (for the samples with s =30 Å), so that the SPM-SFM boundary t m ͑T͒ = t defines the effective Curie temperature T eff ͑t͒. This value is expected to reach the bulk CoFe Curie temperature: T eff ͑t͒ → T C Ϸ 1200 K, at t → t c Ϸ 18 Å, the point of structural percolation, seen in the transition from activated to metallic electric conductance, when the SFM state gives way to the common exchange ferromagnetic (FM) state. An interesting question, which remained open after those studies, is where exactly and how does the SFM→ FM transition in DMIM occur. The present work was intended to clarify the physics of this transition.
II. EXPERIMENT
In order to advance in comparison with the study of Ref. 5 , we prepared a series of ͓Co 80 Fe 20 ͑t͒Al 2 O 3 ͑s͔͒ n DMIM samples with s =40 Å, n = 10, and the nominal thickness t of magnetic layer 6 varying from 10 Å to 18Å in 1 Å steps. The preparation procedure was described elsewhere. 3, 4 The magnetic studies included room temperature measurements of magneto-optical Kerr effect (MOKE) under an ac field of 2.5ϫ 10 −3 to 10 Hz and superconducting quantum interferometry device (SQUID) data on field-cooled (FC) and zerofield-cooled (ZFC) magnetization under low dc fields of 10, 20, 50, and 100 Oe in the temperature range from 8 to 300 K. For comparison, MOKE data were taken on a separate sample of continuous Co 80 Fe 20 25 Å layers from the series of Ref. 5 . The dc electrical resistance was measured by the usual four-contact method (with the contacts on top of the 30 Å protecting insulator layer 3 ) in a temperature range of 15 to 300 K. Further details on the current distribution in our multilayered structures have been presented elsewhere. 7 Anisotropic magnetoresistance (AMR) was determined at 15 K by rotating the constant field of 2500 Oe (well above the saturation value) by steps of 5°in Ϸ5 s.
III. RESULTS AND DISCUSSION
The summary of SQUID results is presented in Figs. 1 and 2. The typical curves of magnetic moment vs temperature m͑T͒ at different measuring fields H for the 13 Å sample are shown in Fig. 1 The sharp effect observed on a single 17 Å sample in the given series could rise some doubts about its reality, requiring an independent confirmation. To justify the conclusions to follow, we note that in fact a single point in Fig. 2 results from the analysis of hundreds of points in the m ZFC ͑T͒ curves at different measuring fields, and these curves show a sudden and striking change in their low temperature behavior. While it is quadratic: mZFC͑T͒ − m ZFC ͑0͒ϳT 2 (at least for the low- To check whether the indicated singular point t * Ϸ 17 Å corresponds just to the transition from disconnected to connected metal layer (the structural percolation 4 ), we measured temperature dependencies of electric resistance R for the two relevant samples. As seen in the insets to Fig. 2 , a clear activated behavior of R͑T͒ for the 17 Å sample suggests that it is still structurally discontinuous, while that for the 18 Å sample reveals typical metallic behavior. Notably, the magnetization for the latter sample is close to the saturation value M s Ϸ 1800 Oe of Co 80 Fe 20 bulk 9 and thick films. 10 Thus we conclude that Co 80 Fe 20 layers in the 18 Å sample are already continuous, and the structural transition point t c lies closely below 18 Å, but above the exchange controlled singularity t*. So the magnetic SFM-FM transition at t * Ϸ 17 Å may be distinct from the electric insulator-metal percolation transition at t c Ϸ 18 Å. The supposed change of magnetic domain structure at t = t*, from dipolar (long-range) coupled to exchange (shortrange) coupled domains, could explain the above referred change in the thermal relaxation of ZFC state, from a ϳT 2 to a ϳT law, through an analysis of energy barriers for the motion of respective domain walls. This change can be also responsible for the almost zero remanence estimated at t = 17 Å, which is most probably due to anomalously slow relaxation time close to the transition point, blocking the response to weak measuring field at a relatively short measuring time (some tens of seconds).
Further support for the picture of successive transitions is given by the data of MOKE (in transversal geometry) shown in Figs. 6 and 7. The magnetization cycles were taken at room temperature upon triangular field pulses with amplitude ⌬H = 50 Oe and duration ⌬t. Since the first harmonic of frequency f =1/⌬t gives there Ϸ81% of the total ac power, the f dependence can be well defined. Figure 6 shows a clear distinction between the SPM behavior for the t ഛ 13 Å samples and almost rectangular FM hysteresis for t Ͼ 13 Å. This suggests the SPM-SFM transition point at 300 K to be t m Ϸ 13 Å, in good agreement with the data of Ref. 5 . For t Ͼ t m , the thickness dependence of the SFM order parameter can be represented by that of the MOKE coercive field H c ͑t , f͒, at given frequency f [ Fig. 7(a) ]. Its most prominent feature is the sharp peak just at t = t*, corroborating the SQUID data in Fig. 1 . Also we find a similar peak in the frequency response of coercivity vs t, ⌬H c ͑t͒ = H c ͑t ,10 Hz͒ − H c ͑t , 2.5· 10 −3 Hz͒, shown in Fig. 7(b) . The presented SQUID and MOKE data firmly establish the SFM-FM transition at t*, either at low or room temperature. An interesting result, shown in Fig. 8 , is the emergence at this transition of a ϳcos 2 dependence of the electric resistance on the angle between current and dc magnetic field, characteristic for AMR. We can attribute this effect, absent in the SFM phase (the angle independent data for 16 Å), to possible skew scattering 11 at flow of conduction electrons within great fractal clusters (t = 17 Å, Fig. 8 ), yet before their percolation through the entire sample ͑t =18 Å͒. Thus the AMR data are in favor of that the FM state exists already in the 17 Å sample and hence the SFM-FM transition precedes the structural percolation threshold. A notable feature of the critical behavior, both in the MOKE magnetization and in the AMR, is the sharp enhancement of noises at t Ϸ t*, as seen in Figs. 6 and 8 . The most probable explanation for this effect can be found in collective Barkhausen jumps of FM domain walls along quasi-onedimensional segments of the mentioned fractal structures. Such a noise would disappear either in the dipolar dominated SFM phase at t Ͻ t* and in almost continuous FM state at t Ͼ t*. A more detailed study of the noise power vs frequency can shed more light on the statistical characteristics of the diluted FM structure to check the standard percolation theory predictions.
In conclusion, the combined study is done of electric and magnetic properties in a series of ͓CoFe͑t͒Al 2 O 3 ͑s͔͒ n DMIM samples, changing with variation of nominal thickness t of metallic layers from granular SPM to continuous FM state. It permitted to establish the existence of a new specific magnetic transition between the two kinds of FM order, probably related to long-range dipolar and short-range exchange interactions among CoFe clusters. This transition is close to but precedes the usual structural percolation in electric conductance. Further study can verify whether this transition is realized through percolation of exchange links.
